T eThered cord syndrome (TCS) is a constellation of symptoms and signs that vary in severity and presentation. Pain and/or neurological, orthopedic, and urological deficits are believed to result from excessive tension on the spinal cord caused by tethering of the lower cord to inelastic tissue. 10 The causes of TCS also vary; one of the simplest causes is a fat-infiltrated and abnormally thick filum terminale. Normally, the viscoelasticity of the filum allows for slight adaptive movement of the conus medullaris, which buffers the distal spinal cord from the traction that occurs during flexion and extension of the spine. With fatty infiltration, however, the filum loses its viscoelasticity and instead tethers the distal end of the spinal cord to bone or other inelastic tissue. One hypothesis is that traction causes reduced blood supply to the cord, hypoxia, metabolic imbalances, and reduced excitability of the distal spinal cord and nerve roots.
T eThered cord syndrome (TCS) is a constellation of symptoms and signs that vary in severity and presentation. Pain and/or neurological, orthopedic, and urological deficits are believed to result from excessive tension on the spinal cord caused by tethering of the lower cord to inelastic tissue. 10 The causes of TCS also vary; one of the simplest causes is a fat-infiltrated and abnormally thick filum terminale. Normally, the viscoelasticity of the filum allows for slight adaptive movement of the conus medullaris, which buffers the distal spinal cord from the traction that occurs during flexion and extension of the spine. With fatty infiltration, however, the filum loses its viscoelasticity and instead tethers the distal end of the spinal cord to bone or other inelastic tissue. One hypothesis is that traction causes reduced blood supply to the cord, hypoxia, metabolic imbalances, and reduced excitability of the distal spinal cord and nerve roots. 3, 4, 10 The cauda equina contains nerve roots responsible for sensory and motor innervation of the lower extremities, the urinary bladder, and urethral and anal sphincters, as well as sexual function. Thus, traction-induced impairment of these structures can cause sensorimotor complications. Common clinical findings include retention of urine and feces, incontinence, recurrent urinary tract infections, leg or foot length discrepancy, foot deformities, gait abnormalities, scoliosis, weakness in the legs, and sensory changes. 1, 8 TCS is typically diagnosed early in life, although symptoms can appear later, during the teenage years and adulthood. 9 Unfortunately, many of these symptoms are difficult to recognize in children, particularly infants; for pediatric patients with minor forms of tethered spinal cord, there is debate regarding the best management strategies.
Clinical suspicion of a fatty filum is confirmed by MRI; a thickened (usually > 3 mm in diameter) filum is easily visible on T1-weighted MR images. 8 A tethered spinal cord is confirmed by images that demonstrate elongation and caudal descent of the conus medullaris, 8 in addition to clinical presentation. 4 It is generally agreed that symptomatic patients with a low-lying conus (below the L-2 vertebral body) and a fatty filum should undergo surgical untethering. 2, 8 However, there is controversy around whether asymptomatic patients with a low conus medullaris, or even a normally positioned conus and a fatty filum, should undergo prophylactic surgery. 2, 8 Although untethering surgery can prevent the progression of symptoms in most patients and improve deficits in others, 2,3 the risks must be weighed when the indication for surgery is less clear. Although some asymptomatic patients can remain asymptomatic, for others, delayed diagnosis and treatment can result in irreversible deficits that could have been prevented with prophylactic surgery.
1,2,6-8 Untethering surgery carefully dissects lumbosacral nerve roots from their cause of tethering, but nearby neural elements supplying the lower extremities or sphincters are vulnerable to injury during dissection. Such damage would potentially cause or worsen the very problems the surgery is trying to prevent or improve. Therefore, to reduce the possibility of inadvertent injury to neural structures during TCS surgery, neurophysiological intraoperative monitoring is widely used.
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We believe that differences in clinical neurophysiological data between patients with a tethered spinal cord undergoing surgical release and otherwise healthy age-and sex-matched control patients undergoing surgical correction of scoliosis can reveal patterns that will aid in the diagnosis of a tethered spinal cord and predict the prognosis of untethering surgery. We predict that identifying such electrophysiological markers of the tethered spinal cord may thereby improve the ability to recognize those patients who will benefit from surgery.
methods
We retrospectively reviewed medical records and electrophysiological data of patients who received treatment at the University of Alberta and University of Saskatchewan departments of surgery from January 2010 through May 2013. We compared neurophysiological potentials of 14 patients with a fatty filum terminale who had undergone surgical release of a tethered cord with those of neurologically normal age-and sex-matched control patients who had undergone surgical correction of idiopathic scoliosis.
At both institutions, a Cascade Elite system (Cadwell) was used to record somatosensory evoked potentials (SSEPs) and motor evoked potentials (MEPs). All recordings were analyzed off-line. SSEPs were obtained by using our standard protocol with posterior tibial nerve stimulation and recordings from the popliteal fossa, upper cervical spinal cord, and somatosensory cortex. In this study, we analyzed only the cortical responses, namely the P37 response. We chose this peak because it is often the clearest peak in our intraoperative recordings. We examined the duration of the P37 peak (i.e., the time from the initial deviation from the baseline to the zero crossing) (Fig. 1) . We determined the initial deviation from the baseline as being more than 2 standard deviations from the baseline between 10 and 20 msec after the stimulation. MEPs were elicited through electrodes placed in the scalp overlying the motor cortices. Responses were recorded in segmentally innervated muscles in the lower limbs by using subdermal needles. We examined the responses from the tibialis anterior and adductor hallucis longus muscles (sphincter muscle potentials were not recorded for most control patients). We recorded the delay between the onset of the responses in the tibialis anterior and the adductor hallucis longus muscles, as outlined in Fig. 1 .
Statistical analyses were performed by using MAT-LAB (MathWorks). Paired t-tests were used to compare data between TCS patients and their matched control patients. Unpaired t-tests were used to compare group data (TCS vs control populations).
results
A total of 14 TSC patients and age-and size-matched controls were retrospectively entered into the study. All TCS patients had undergone surgery and were believed by the neurosurgeons to have had a symptomatic tethered cord. The surgeons' determination that patients are symptomatic surgical candidates may impose a bias on patient selection because only patients with the most severe neurological symptoms underwent surgery. For all patients we were able to record robust SSEPs and MEPs. Only studies in which the same number of pulses and interpulse intervals (MEPs) and pulse widths (SSEPs) had been recorded were selected for comparison. Among patients, the number of MEP pulses varied between 4 and 7; interpulse intervals varied between 1 and 2.4 msec. Stimulus pulse widths for the SSEPs were 200-450 msec.
The responses in the upper limbs and higher lumbar spinal levels seemed to be similar between the 2 groups. In the areas of interest, both sensory and motor potentials differed significantly. The delay between the onset of MEPs in the tibialis anterior and adductor hallucis muscles was greater among TCS patients than among control patients (2.7 vs 2.6 msec, respectively; p < 0.005, paired t-test). However, this difference is small and probably falls within the measurement error of the system.
A greater difference was seen in the breadth of the P37 peak (17.2 vs 14.9 msec (p < 0.005, paired t-test ). This finding represents a 15% difference in the breadth of the P37 response between the groups. This statistical significance was retained when compared with our normative data (17.2 ± 0.65 vs 14.8 ± 1.3 msec, p < 0.05, t-test). Of note, the breadth of the peak decreased significantly after detethering of the spinal cord (17.2 msec before release and 16.1 msec after release, p < 0.05, paired t-test). Surgically released tethered cords demonstrated a reliable early correction in the breadth of the P37 peak with a shift toward normative data (16.1 ± 0.52 vs 14.8 ± 1.3 msec, p < 0.05, t-test). Surgical correction of the scoliosis resulted in changes in the latency of the P37 peak but not the breadth of the peak. Our experienced anesthesia team kept the level of anesthesia very stable, and no neurophysiologic changes were noted during procedures other than during detethering (TCS patients) or spine derotation and other corrective procedures (control patients). Figure 2 is a scatter plot of the width of the P37 peak for each pair of TCS and control patients. Table 1 illustrates the neurophysiological recording results for TCS patients.
case discussion
We compared neurophysiological data from patients who underwent tethered cord release with data from patients who underwent scoliosis surgery. All TCS patients, therefore, were pre-identified as having a tethered spinal cord. In one subsequent case, the senior author (J.A.N.) was so concerned with the prolongation of the P37 peaks bilaterally at the onset of a scoliosis surgery that the procedure was halted and a subsequent MR image identified a tethered spinal cord. Detethering of this spinal cord during a second procedure resulted in a rapid return toward a more normal P37 peak (from 16.5 msec to 14.2 msec). Three months later, the scoliosis surgery was performed with full monitoring, the P37 peaks remained unchanged at 14.2 msec, and the patient was asymptomatic. Follow-up of this patient 1 year later indicated no change in the P37 width and continued absence of symptoms. discussion TCS refers to a constellation of symptoms and signs related to lower spinal cord dysfunction. Surgical release of the tethered cord relieves the traction forces on the spinal cord and can prevent the progression of symptoms, improve or stabilize their severity, or prevent future deficits from developing. The present diagnostic gold standard is still clinical and radiological assessment. This study provides some preliminary evidence that neurophysiologic testing might also be able to provide evidence of a tethered spinal cord.
The breadth of the peak is not a normal measure in clinical neurophysiology; more typical markers are latencies and amplitudes. The P37 peak represents the arrival of the sensory volley in the primary sensory cortex. The distribution of the origin of the potential is on the medial aspect of the hemisphere; maximum positivity is closest to the vertex. The breadth may be a marker of demyelination; in patients with multiple sclerosis, it is often broader than usual. In TCS patients, there are no other specific markers of demyelination; indeed, the peripheral latencies are well within normal limits as are those in the upper limbs and lumbar-innervated muscles and dermatomes (JA Norton, personal observations). The breadth of the peak therefore seems to indicate that there may be some focal slowing, presumably at the filum terminale. There was a small immediate reduction in the breadth of the peak after release of the tethered cord, although a broader peak did remain. We do not have follow-up data for any of these patients. Most surgical procedures to de-tether spinal cords are performed in younger children, and we did not have data on healthy control patients with which to pair them. This is undoubtedly a limitation of our study. Performing SSEP studies in nonsedated young children is difficult, but combining the studies with MR images from sedated children is feasible, and indeed we have done so on many occasions. The breadth of the SSEP peak for TCS patients differed statistically from that for the control patients, but MEP measures did not differ statistically from those of our control population and so are of limited diagnostic utility.
conclusions
Neurophysiological testing may be a useful adjunct in the diagnosis of TCS, especially for asymptomatic or clinically stable patients. More work is required to extend the study to include younger children. Further study will examine the association between neurophysiological and clinical changes, the time course of such changes (including during detethering), and presence or absence of a radiological correlation.
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